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ABSTRACT
This paper reports on the fabrication and testing of magnesium potassium

phosphate (MKP)-bonded cesium-loaded crystalline silicotitanate (CST) resins.
Typical waste loading of CST resins in the final waste forms was 50 wt.%.
Physical and chemical characterization of the MKP materials has shown them to
be physically, chemically, and miners.logically stable. Long-term durability
studies (using the AN 16.1 standard test) showed a leachability index of =18 for
cesium in the phosphate matrix when exposed to deionized water under ambient
and elevated temperatures. Leaching of cesium was somewhat higher than in
glass waste forms as per PC,T and MCC-1 tests. MKP-based final waste forms
showed no significant weight changes after exposure to aqueous media for =90
days, indicating the highly insoluble nature of the phosphate matrix. In addition,
durability of the CST-MKP waste forms was further established by freeze-thaw
cycling tests.

BACKGROUND

Salt Disposition Alternative
Removal of cesium from high-level waste salt solution using crystalline

silicotitanate resin (CST) is one of the alternatives identified in WSRC-RP-98-
00166 [1]. Several options, such as vitrification and ceramic stabilization, were
also identified for treating and managing the cesium-loaded CST. In the case of a
ceramic waste form, the assumption made in WSRC-RP-98-00166 was that it
would be stored on-site until the cesium activity is negligible (=300 yr). The
decay heat generated by the cesium would be managed and removed during the



early years of storage. Another option for the CST-ceramic waste form is to
dispose of it in the high-level waste (HLW) federal repository.

The objective of treating the Cs-loaded CST by stabilization is to produce a
generally monolithic waste form to reduce the potential fordispersable and
respirable fines. Particle sizes of the CST resins are 250 to 450 pm. In addition,
because the resin will be washed before it is removed from the processing
columns, any drainable liquid associated with the wet resin must be solidified or
removed. This liquid will contain a small amount of soluble cesium.
Stabilization in a ceramic waste form will reduce the mobility of this contaminant
to extremely low levels.

Chemically bonded phosphate ceramics are dense and hard materials that can
be processed at or near room temperature [2,3]. Phosphates exhibit high solid-
solution capacity for incorporating heavy metals, actinides, and rare-earth
contaminants [4]. Also, the very low solubilities of phosphates of heavy metals,
actinides, and rare earths indicate that phosphate-bonded ceramics should be
effective in stabilizing these contaminants. In addition, the durable natural analog
minerals monazite and apatite suggest that phosphates are good hosts to
radionuclides [4].

In the present study, magnesium potassium phosphate (MlCl?)has been used
for stabilization and solidification [5]. This binder is prepared by acid-base
reaction between magnesium oxide (MgO), and monopotassium phosphate
( KH2P 04), in the presence of water. The solid reaction product is

MgKPOA”6H20. Extensive leaching testing was conducted to establish the
performance of the waste forms. The mechanism for the MKP stabilization is
precipitation or adsoprtion of divalent and multivalent metals plus
microencapsulation of precipitates and particulate. In the case of the cesium-
Ioaded CST resin, the mechanism for stabilization is expected to be
microencapsulation of the resin. The resin is the primary material for reducing
the leachability of cesium.

EXPERIMENTAL METHOD

Preparation of Cesium-Loaded CST
The CST used in the experiments was IONSIV 113911, 30-60 mesh particles,

obtained from UOP, Inc.,
prepared in four steps. In

Des Plaines, IL. The cesium-loaded CST (160 g) was
the first step, the dry CST was equilibrated with humid



air. Next, the CST was washed in upward-flowing water to remove fines. In the
third step, the CST was shaken in a 2 M NaOH solution for 48 hr. Finally, the
CST slurry in the NaOH solution was placed in a vertical column and the excess
NaOH solution was drained to the top of the CST bed. The column of CST was
washed with 400 mL of salt solution (Table I) at a flow rate of 10 mL/min. After
displacing the NaOH solution with the salt solution, the CST was shaken in a salt
solution (160 g CST/864 ml of salt solution) for four days to load the CST with
cesium and potassium. At the end of the four days, the cesiurn concentration in
the salt solution was 88 mg/L and the potassium concentration was 810 mg/L.
The loaded resin was returned to the column and washed with three column
volumes of 1 M NaOH and 3 column volumes of water to remove the salt
solution. The pH of the final water from the column washing was >13.
The cesium and potassium loadings in the CST were calculated to be 1.4 and
0.19 wt.%, respectively.

Fabrication of CST-Phosphate Ceramic Waste Forms
The waste forms were fabricated, under ambient conditions, by adding the

premixed magnesium oxide and potassium powders to the CST resins. The
amounts of MgO and KHzP04 were proportioned to account for the water in the
resins and any water added, resulting in the stochiometric amounts required to
produce MgKPOA.6H20. A 50 wt.% CST loading was used in all batches.
Because the amount of cesium-loaded CST was limited, only one waste loading
was investigated. The batch sizes are listed below in Table II.

The mixing procedure requires first adding all the binder phosphate powder to
the CST resin and then adding water. All mixing was done with a spatula in a
250 mL beakeq mixing time ranged from 20 to 30 min. The resulting mixtures
were extremely fluid. An increase in temperature and the onset of thickening of
the mix were indications that mixing was sufficient. At this point, slurry was
transferred to plastic syringes that served as molds for setting and curing.
Samples were cured at ambient temperature in the sealed syringes for seven days.
The samples were then divided and cured in sealed containers at 25,45,70, and
90”C A5°C for another seven days at 100% relative humidity. Curing at elevated
temperatures simulated internal heating from the cesium radionuclide.



Table I. Initial Composition of Salt Solution Used for Loading CST Resins

Component Concentration (molar)

Na+ 5.6
K+ 0.03
Cs+ 0.02
N03- 2.2
N02- 0.51“
OH- 1.91

Alo2- 0.31
co32- 0.16
so42- 0.15
Po43- 0.01

cl- 0.025
F- 0.032

C2042- 0.008
Si032- 0.004
Mo04- 0.0002

Table II. Total Cesium Concentrations in CST and CST-MKP
Ceramic Waste Forms

Curing Cesium
Temperature Concentration

Sample Description (“c) (*g)

Cs loaded CST NA 12.7

MKP ceramic w/ 50 wt.% 25 2.79
CST loading

MKP ceramic w/ 50 wt.% 45 2.39
CST loading “

t
MKP ceramic w/ 50 wt.% 70 3.26

CST loading

MKP ceramic w/ 50 wt.% 90 3:67
CST loading
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Physical, Microstructural, and Mechanical Characterizations
The fabricated final waste forms were characterized for density and open

porosity by the water intrusion technique. Phase analysis was conducted with
X-ray diffraction. Compressive strength of the as-fabricated and water-exposed
waste forms was evaluated in a universal testing Instron machine on cylindrical
samples of 0.5-in. diameter and 1- to 2-in. length. Microstructure were
investigated on fractured samples by scanning electron microscopy (SEM).

Leaching Testing
The leaching performance of the CST-phosphate final waste forms was tested

by three procedures: ANS 16.1, PCT, and MCC-1.

The waste forms were subjected to ANS 16.1 leaching testing by’ immersion
in water for 90 days in accordance with the procedure given in Ref. 6. In this
procedure, leachate solutions are periodically changed to simulate continuous
flow of water. At the end of the 90-day test, parameters to be obtained are
effective diffusivity and leachability index of the contaminants. Higher values of
the leachability index are desirable because they represent lower values of
contaminant diffusivity.

The PCT test was carried out according to the ASTM procedure C 1285-94
[7], with one modification. The crushed sample was washed three times in
ASTM leachate and three times in alcohol to remove fines per the procedure.
However, the samples were not washed in ultrasonic to avoid reducing the
particle sizes of the entire sample to such a small size that they would not settle
from the wash water.

The MCC-1 test was conducted per the ASTM procedure C 1220-92 [8]. The
CST-MKP samples were cut and polished. The tests were conducted over 3- and
7-day periods rather than the 28-day period prescribed in the ASTM procedure.
Brief descriptions of leaching procedures are presented in Table III.

Freeze-Thaw Cycling
Because the waste forms are destined for subsurface storage, effects of change

in climatic temperatures on the durability of the waste forms with time becomes
important. In this regard, the CST-MKP waste forms were tested for freeze-thaw
endurance by the ASTM D 4842 method [9]. In this test, waste forms samples are
first placed in the thermal cycling chamber at -20”C for 24 h. Thereafter, the



Table III. Comparison of Various Leaching Tests Conducted on CST-MKP
Waste Forms

Leachate

Time

Temperature

AEitation

Particle size

Leachate
volume

ANS 16.1

ASTM-1 Distilled
Water

2,5,17,24,24,24,
24,336,672, 1008 hrS

Ambient

static

Monolithic

10x surface area of
sample

PCT MCC-1

ASTM-1 ASTM-1 Distilled
Distilled Water Water

7 days 3,7, 14,28 days

90”C 90”C

Static Static

100-200 mesh Monolithic

10x weight of 10x surface area of
. sample I sample

samples are placed in 100 mL of water for 24 h under ambient conditions, after “
which they are removed from water and the water is evaporated. The weight of
the residue is noted. This entire cycle is repeated 12 times. At the end of the
experiment, the total weight loss of the waste form is computed

RESULTS AND DISCUSSION

Physical Properties
The density of the monolithic magnesium phosphate and the final fabricated

waste forms with 50 wt.% CST waste loading was 1.25 g/cm3. The
corresponding open porosity was 23%. These values are similar to those obtained
for waste forms based on portland cement.

Phase Analysis
To identify the crystalline phases, XRD was conducted on final waste forms

cured at 25,45,70, and 90”C. Figure 1 shows an X-ray diffraction (XRD) pattern
of the CST-phosphate ceramic waste form cured at 25”C. Peaks of CST resin and
magnesium potassium phosphate hexahydrate are seen. In addition, there is some
unreacted magnesium oxide. The CST resins did not react with the MKP binder
over the temperature range studied. In addition, the crystalline structure of the
CST resin shows no significant change as a function of curing temperature in the
presence of MKP binder.
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Fig. 1. XRD Pattern of Magnesium Potassium Phosphate
Bonded CST Waste Forms Cured at 25°C.

Compression Strength
Compression strength of fully cured waste form samples was measured in a

universal Instron testing machine on samples of 0.5-in. diameter and 1- to 2-in.
length. For as-fabricated CST-phosphate waste forms, average strength was
1764 psi, significantly higher than the NRC minimum requirement of 500 psi for
cementitious waste forms [10]. Durability of the waste forms was studied by
measuring compression strengths of the CST-phosphate waste forms that were
immersed in water maintained at various temperatures for 90 days. At each
condition, at least two or three samples were tested. Results are shown in
Table IV. The observed compressive strengths for waste forms exposed to water
at 24°C for 90 days did not show any drop in strength compared to that of the as-
fabricated waste forms. Samples exposed to water at 70°C and 90”C dropped in
strength, but were still higher than the requirement of at least 500 psi. At present,
it is not clear why the samples exposed to water at 70”C showed a larger drop in
strength than did those exposed at 90”C.
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Table IV. Compression Strength of CST-MKP Final Waste Forms

Description Compression Strength (psi)

As-fabricated 1764

After exposure to water for 1783
90 days at 24°C

After exposure to water for 757
90 days at 70”C

After exposure to water for 1183
90 days at 90”C

Microstructural Analysis
Figures 2 and 3 are photomicrographs of the fracture surfaces of magnesium

phosphate ceramic. The round particles of =200-400pm diameter are CST resin.
As illustrated in Fig. 2, they are relatively evenly distributed throughout the
matrix and are microencapsulated by the matrix phase. As seen in Fig. 3, the
MKP bonding ceramic phase is extremely dense and seems to have penetrated the
pores of the CST resins.

ANS 16.1 Test
The American Nuclear Society ANS 16.1 standard test conducted on the CST-

MKP waste forms at various temperatures did not show appreciable cesium
leaching. For all solutions analyzed by induction-coupled plasma-mass
spectroscopy, the cesium level of was C2 ppb. Using these values, we determined
the diffusivity of cesium to be 3.5 x 10-18 cmz/s and the leachability index to be
18. The leachability index for cesium was independent of test temperature and
was significantly higher than NRC passing criterion of 6. A higher leachability
index indicates better retention of cesium in the final waste form. This superior
containment of the CST-MKP final waste forms was expected because of capture
of cesium within the CST lattice structure. Moreover, fabrication of the waste
forms in no way degrades or breaks down the CST structure so that cesium could
escape.

PCT Leaching Results
The Product Consistency Test (PCT) was conducted to compare the cesium

leachability of the CST-phosphate waste form to that of the glass waste forms that
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Fig. 2. SEM Photomicrograph of Fracture Surface of CST-MKP Waste Form

meet the HLW disposal criteria. Consequently, the cesium leachabilities of EA
glass and ARM glass were also measured in this feasibility study. The PCT test
results are listed in Table VL Considerably more cesium leached from the ARM
glass than from EA glass (1406 vs. 11 pfi, respectively). On average, about 1.5
times as much cesium leached from the CST-phosphate waste forms as from the
ARM glass. The CST-phosphate waste forms that were cured at 25 and 90”C
leached slightly less cesium than did the samples cured at 45 and 70”C.

MCC-1 Leaching
The MCC-1 test was also conducted to compare cesium leachability of the

CST-phosphate waste form to that of the ARM glass. This test was carried out for
3 and 7 days to determine the effect of leaching time and curing temperature.
Results are shown in Table VII. Samples leached for 7 days leached less cesium
than samples cured for 3 days, except for the CST-phosphate waste form cured at
70”C and the ARM glass waste forms. No trend was observed as a function of
temperature. An example of the CST-phosphate waste form after 3 days of
leaching at 90”C is shown in Fig. 1. The sample showed no sign of degradation.

-/--- -7mm”: Y.- -%. ,.+ ,,. ,?.,..,. %.. .. . .. . . ..,-* ,,., ,,.,, . . ., -7......-.,,. .. ~w. ., ,, :,+.... .- -w, , —.-—-—



.. -J

Fig. 3. SEM Photomicrograph of Fracture Surface of CST-MKP Waste Form
Showing Encapsulation of CST Resins by MKP Ceramic

Table V. Diffusion Constants and Leachability Indexes for Cesium in
CST-MKP Final Waste Forms

Test Temperature Diffusion Constant . Leachability
~c) (cm2/s) Index

24 3.04 x 10-18 18.1

70 2.9 X 10-18 18.1

90 3.45 x 10-18 18.0
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Table VI. PCT Leaching Results for CST-Phosphate Waste Forms

Average
Cesium

curing Cesium Concentration
Temperature Concentration in Leachate

Sample Description (“c) (I@J (Pm)

MKPceramic w/50 25 1894 2303
wt.% CST loading 2403

2612

MKP ceramic w/50 45 1795 1663
wt.% CST loading 1789

1404

MKP ceramic w/50 70 1825 1906
wt.% CST loading ~ 1831

. ..- . 2061

MKP ceramic w/50 90 2495 2422
wt.% CST loading 2379

2392

EA Glass NA 12.2 11
. .

15.0
15.8

ARM Glass NA 1140 “ 1406
1704
1375

Freeze-Thaw Cycling
Three samples cured at 24°C were used for freeze-thaw cycling. After the fifth

cycle, all samples showed cracking. At the end of the 12th cycle, net weight loss
was 14.890 of the original weight. The prescribed passing criterion is that the
waste form sample should not lose more than 30 wt.% of the original weight;
thus, the CST-MKP waste forms pass the freeze-thaw cycling test.

.7----- --7.w’-p-- ——-—— -—.—- .. —-
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Table VII. MCC-1 Leaching Res~ts for CST-MKP Waste Forms

Cesium in
Leaching curing Cesium Leachate

Time Temperature Leachate Corrected for
Sample Description (days) (“c) (m) Blank Q.@L)

MKP ceramic w/50 3 25 3318 3188
wt.% CST loading

MKP ceramic w/50 .3 45 3042 2912
wt.% CST loading

MKP ceramic w/50 3 70 1914 1784
wt.% CST loading

MKP ceramic w/50 3 90 3266 3136
wt.%CST loading

ARM glass 3 NA 611 481

Blank 3 NA 130 NA

MKP ceramic w/50 7 25 3033 2944
wt.% CST loading

MKP ceramic w/50 7 45 2071 1982

wt.% CST loading

MKP ceramic w/50 7 70 2920 2831

wt.% CST loading

MKP ceramic w/50 7 90 2695 2606
wt.% CST loading

ARM glass 7 NA “ 891 802

Blank 7 NA 88.6 NA

suMMARY
Fabrication of magnesium potassium phosphate (MKP)-bonded cesium-

loaded crystalline silicotitanate up to 50 wt.% loading waste forms has been
demonstrated. The waste forms were found to be dense and durable. Physical
and chemical characterization of magnesium potassium phosphate materials has
shown them to be physically, chemically, and mineralogically stable. Long-term
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durability studies (using the ANS 16.1 standard test) showed excellent
containment of the cesium in the phosphate matrix when exposed to deionized
water under ambient and elevated temperatures. Leaching of cesium was
somewhat higher than that from glass waste forms, based on PCT and MCC-1
tests. MKP-based fiial waste forms showed no signiilcant weight changes after
exposure to aqueous media for =90days, indicating the highly insoluble nature of
the phosphate matrix. In addition, durability of CST-MKP waste forms was
further established by the freeze-thaw cycling.
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